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Determination of the Fermi velocity by angle-dependent periodic orbit resonance measurements
in the organic conductor a-„BEDT-TTF …2KHg „SCN…4

A. E. Kovalev and S. Hill*
Department of Physics, University of Florida, Gainesville, Florida 32611

J. S. Qualls
Department of Physics, Wake Forest University, Winston-Salem, North Carolina 27109

~Received 8 May 2002; published 10 October 2002!

We report on detailed angle-dependent studies of the microwave (n550–90 GHz) interlayer magnetoelec-
trodynamics of a single crystal sample of the organic charge-density-wave~CDW! conductor
a-(BEDT-TTF)2KHg(SCN)4. Recently developed instrumentation enables both magnetic-field (B) sweeps
for a fixed sample orientation and angle sweeps at fixedn/B. We observe series’ of resonant absorptions, which
we attribute to periodic orbit resonances~POR!—a phenomenon closely related to cyclotron resonance. The
angle dependence of the POR indicates that they are associated with the low-temperature quasi-one-
dimensional~Q1D! Fermi surface~FS! of the title compound; indeed, all of the resonance peaks collapse onto
a single set ofn/B versus angle curves, generated using a semiclassical magnetotransport theory for a single
Q1D FS. We show that Q1D POR measurements provide one of the most direct methods for determining the
Fermi velocity, without any detailed assumptions concerning the band structure; our analysis yields an average
value ofvF56.53104 m/s. Quantitative analysis of the POR harmonic content indicates that the Q1D FS is
strongly corrugated. This is consistent with the assumption that the low-temperature FS derives from a recon-
struction of the high-temperature quasi-two-dimensional FS, caused by the CDW instability. Detailed analysis
of the angle dependence of the POR yields parameters associated with the CDW superstructure, which are
consistent with published results. Finally, we address the issue as to whether or not the interlayer electrody-
namics are coherent in the title compound. We obtain a relaxation time from the POR linewidths, which is
considerably longer than the interlayer hopping time, indicating that the transport in this direction is coherent.

DOI: 10.1103/PhysRevB.66.134513 PACS number~s!: 74.70.Kn, 71.18.1y, 72.10.2d, 76.40.1b
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I. INTRODUCTION

A detailed knowledge of the Fermi surface~FS! topolo-
gies of low-dimensional conductors is an essential star
point for understanding the mechanisms that drive the v
ous electronic instabilities that result in, e.g., the magnet
or superconductivity in these systems.1,2 For example, recen
theoretical studies have shown that the symmetry of the
perconducting state in quasi-two-dimensional~Q2D! and
quasi-one-dimensional~Q1D! systems is extremely sensitiv
to the nesting characteristics of the FS.3–5 Furthermore, the
organic compound central to this investigation has rece
aroused considerable interest due to a range of exotic
nomena that derive from its intrinsic electronic low dime
sionality, e.g., multiple field-induced charge-density-wa
~CDW! phases,6 and field-induced dynamic diamagnetis
associated with a dissipationless conductivity.7 Although
there exists an extensive array of experimental technique
probing FS topologies, few possess the necessary resol
to profile the small~often ,1%) deformations~warpings!
that arise due to weak dispersion along the low conducti
axis ~axes! of Q2D ~Q1D! systems.

We have recently developed methods for determining
FS topologies of quasi-low-dimensional systems using
millimeter-wave spectroscopic technique.8–10 An unusual
type of cyclotron resonance~CR! is predicted to occur—the
so-called periodic orbit resonance~POR!—which is funda-
mentally different from the conventional CR observed
normal metals.8,11–14This technique, which was first consid
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ered by Osadaet al.,14 essentially corresponds to high
frequency angle-dependent magnetoresistance oscilla
~AMRO!.2,11,14 In this paper, we report on extensive hig
sensitivity POR measurements of the organic charge-tran
salt a-(BEDT-TTF)2KHg(SCN)4 ~where BEDT-TTF de-
notes bis-ethylenedithio-tetrathiafulvalene or ET for short1,2!.
These studies extend the earlier work of Ardavanet al.12 In
particular, the exceptional sensitivity offered by our spe
trometer, together with the elimination of all spurious expe
mental artifacts, enables us to observe many POR harmo
The use of a split-pair magnet allowsin situ rotation, thereby
facilitating extensive angle-dependent POR investigatio
Consequently, these studies provide a rigorous test of
semiclassical theories commonly used to analyze many
pects of the transport properties of low-dime
sional conductors,14–17 and enable a determination o
important parameters describing the FS topology
a-(ET)2KHg(SCN)4. Furthermore, as we shall show, th
POR technique represents one of the most direct and a
rate means of measuring the Fermi velocity in Q1D syste
here, we report on such a measurement for
a-(ET)2KHg(SCN)4.

a-(ET)2KHg(SCN)4 possesses a layered crystal structu
in which the highly conducting ET planes are separated
insulating anion layers;1,2 for this material, the least conduc
ing direction is along the crystallographicb* axis. The ratio
of in-plane to interlayer conductivities is abouts i /s';105

~see Refs. 1,2!. Within the conducting layers, the flat dono
ET molecules are arranged face-to-face in a herring b
©2002 The American Physical Society13-1
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structure. Weak overlap of the sulphurp orbitals, oriented
normal to the planes of the ET molecules, gives rise t
fairly isotropic in-plane conductivity, and to a Q2D ban
structure that may be calculated using a tight-bind
approximation.1,2,18

According to band-structure calculations, the FS of t
metal consists of a pair of Q1D open sections~corrugated
sheets!, and a Q2D cylindrical section with the axis of th
cylinder perpendicular to the layers@see Fig. 1~a!#.1,2,18 At
about 8 K,a-(ET)2KHg(SCN)4 exhibits a phase transitio
into a low-temperature state;19 this transition is believed to
be driven by a nesting instability associated with the Q
FS, resulting in the formation of a CDW state.6 The super-
structure associated with the CDW also affects the Q
FS,20–22 leading to a reconstructed low-temperature FS t
again consists of both Q1D and Q2D sections. However,
origin of the low-temperature Q1D FS is not related to a
underlying lattice symmetry; rather, it is related to the CD
nesting vector. Figure 1~b! shows a possible form for th
low-temperature FS.20 This original model for the recon
struction can account for most aspects of the semiclass
magnetoresistance within the CDW phase, and is most s
able for the discussion found later in this paper. Nevert
less, more complicated models have been considered by
eral authors.2,21,22As discussed above, the interplay betwe
the CDW and the residual low-temperature carriers gives
to several spectacular effects in high magnetic fields.6,7 Con-
sequently, these investigations provide important insig
into this high-field behavior.

The paper is organized as follows: in the following se
tion, we outline the theoretical background behind the P
phenomenon; in Sec. III we describe our experimental me
ods; in Sec. IV we present the results of our POR meas
ments on a-(ET)2KHg(SCN)4; the results are discus
sed in Sec. V; and we end with a summary and conclusi
in Sec. VI.

II. THEORETICAL BACKGROUND

The energy barrier separating the Q1D and Q2D FS s
tions in Fig. 1~b! is relatively small: in fields above;10 T,
magnetic breakdown occurs, and electrons begin to fol
closed orbits corresponding to the original Q2D FS. Th
closed orbits reveal themselves in the Shubnikov-de H

FIG. 1. ~a! Room-temperature FS ofa-(ET)2KHg(SCN)4, ac-
cording to the calculation in Ref. 18. Below 8 K, this FS undergo
a reconstruction, as shown in~b!; the reconstruction is caused b
the superstructure, with characteristic wave vectorQ, associated
with the low-temperature CDW~Ref. 20!.
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~SdH! and de Haas-van Alphen~dHvA! effects.23,24 The ex-
istence of a highly corrugated Q1D FS was first confirm
by AMRO measurements in the limit of zero frequency~dc
AMRO!,14,15,25–27i.e., under the conditionn! ñc , wheren is
the measurement frequency andñc is the frequency with
which electrons cross the Brillouin zone. These measu
ments demonstrated that, while rotating the magnetic field
a plane perpendicular to the layers, the AMRO exhibit sh
minima.

We briefly discuss the physical origin of the Q1D AMR
effect with reference to the reciprocal space coordinate s
tem defined in Fig. 2~a!, in which the Q1D FS is parallel to
the kykz plane, and the highly conducting ET layers are p
allel to the kxky plane.28 Application of a magnetic field
causes quasiparticles to follow trajectories perpendicula
the applied field and parallel to the Q1D FS sheets (y-z

s

FIG. 2. ~a! Definition of the anglesu and f, defining the
magnetic-field (B) orientation relative to the Q1D FS within th
reciprocal space coordinate system discussed in the main text
Q1D FS is parallel to thekykz plane, and the normal to the highl
conducting layers (b* axis! is parallel tokz . ~b! A schematic of a
typical quasiparticle trajectory in reciprocal space for a magn
field applied at an arbitrary angleu away from thekz axis, within
the plane of the Q1D FS (kykz plane!; the motion of the quasipar
ticle across the FS corrugations results in a periodic modulatio
the real-space velocityvR ~see the text for discussion!. ~c! At certain
applied field orientations, the quasiparticle trajectories follow co
stant real-space-velocity contours; these angles correspond to
umn AMRO minima ~see text!. ~d! The oblique real-space crysta
lattice, defining the CDW superstructure within the plane paralle
the Q1D FS;b* is the interlayer spacing,l andl 8 are defined in the
text.
3-2
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DETERMINATION OF THE FERMI VELOCITY BY . . . PHYSICAL REVIEW B66, 134513 ~2002!
plane!, as depicted in Figs. 2~b! and 2~c!. This results in
periodic modulations of the quasiparticle velocities@vW
5\21

“k«(k), i.e.,' FS#, which are most pronounced fo
the components parallel to the Q1D sheets (vy andvz in this
case!; the resultant real-space trajectory is illustrated in F
2~b!. The velocity modulations are related to the weak
corrugations, which may be expressed in terms of Fou
components.14,15 Each Fourier component has an associa
AMRO minimum. This is best illustrated with the aid o
Figs. 2~b! and 2~c!, and by considering the semiclassic
Boltzmann transport equation:29 for general quasiparticle tra
jectories on the Q1D FS@Fig. 2~b!#, vy andvz are effectively
averaged to zero, and do not contribute appreciably to
conductivity; for special cases in which quasiparticles follo
trajectories parallel to a particular corrugation@Fig. 2~c!#, vy
andvz arenot effectively averaged to zero—such trajectori
contribute maximally to the conductivity, thereby giving ris
to the pronouncedry andrz resistivity minima.

Provided that the FS corrugations are weak, all quasi
ticle trajectories will be parallel and approximately straig
in reciprocal space@not in real space—see Fig. 2~b!#, with
their orientations determined solely by the projection of
applied magnetic field onto the plane of the FS (y-z
plane!;14,15 AMRO minima then occur whenever the quas
particle trajectories run parallel to a particular Fourier co
ponent of the corrugations. Thus, the dc AMRO minimu
condition depends only on the field orientation relative to
crystallographic~or CDW superstructure! axes, and not on
its magnitude. For an orthorhombic crystal, one expe
AMRO minima that are periodic in tanu, and symmetric
aboutu50°, whereu is the angle between the applied fie
and the normal to the conducting layers@b* axis for
a-(ET)2KHg(SCN)4]. The periodicity is determined by th
crystal~or CDW super-! lattice parameters, and scaled by t
factor 1/cosf, which projects the applied magnetic field on
the plane of the FS;f is the azimuthal angle between they-z
plane, and the plane defined by the magnetic field andz axes
@see Fig. 2~a!#. For an oblique lattice, Q1D dc AMRO
minima are observed forf50 rotations at anglesumn , given
by

tanumn5S m

n

l

b*
D 1

l 8

b*
, ~1!

whereb* is the interlayer spacing,l is the in-plane lattice
spacing~parallel to the Q1D FS, ory in this case!, and l 8 is
the obliquity parameter defined in Fig. 2~d!.14,15 The indices
m andn parametrize the Fourier components of the FS c
rugations. Fora-(ET)2KHg(SCN)4, significant dc AMRO
minima have only been observed forn50,1, andm50,
61,62, . . . . u rotation measurements, performed at seve
different azimuthal anglesf, have enabled determination o
the orientation of the Q1D FS sheet relative to the crysta
graphic axes, and of the ratiosl /b* and l 8/b* which char-
acterize the low-temperature CDW.25–27

The theory of both Q1D and Q2D AMRO has been e
tended to high frequencies by several authors;8,11–14high fre-
quency impliesn;ñc , i.e., when the measurement fr
13451
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quency becomes comparable to the frequency of the peri
k-space orbits. High-frequency AMRO, or POR, are clos
related to CR. Indeed, dc AMRO represent a limiting case
CR/POR. For the situation depicted in Fig. 2~c!, the quasi-
particle reciprocal space trajectory does not modulate
real-space velocity. Consequently, such orbits give rise t
n50 Drude peak in the conductivity, i.e., an AMRO
minimum.15 For the situation depicted in Fig. 2~b!, the qua-
siparticle reciprocal space trajectories do modulate the r
space velocity components. Such orbits give rise to fin
frequency Drude conductivity peaks. Therefore, although
situation depicted in Fig. 2~b! does not give rise to a dc
AMRO minimum, it will give rise to a finite-frequency
Drude peak in the conductivity when the measurement
quency matches the velocity modulation frequency. In pr
tice, a sample is placed in a microwave resonator, provid
a well-defined electromagnetic field environment, and re
nant absorption occurs whenever the high-frequency AMR
POR condition is met.9 As in the dc case, each Fourier com
ponent of warping produces a distinct POR. However,
contrast to the dc case, the resonance positions~angles! de-
pend on the ratio of the microwave frequency to the exter
field, i.e.,n/B. The resonance condition for the orthorhom
bic lattice, given in Refs. 11,14, may be generalized for
arbitrary lattice and for an arbitrary rotation plane, i.e.,

n

Bres
5

evF

h
@~nb* !2cos2f1~ml1nl8!2#1/2usin~u2umn!u,

~2!

where

tanumn5
1

cos~f! S ml

nb*
1

l 8

b*
D ,

n50,1,2, . . . , m50,61,62, . . . . ~3!

Here,b* , l, l 8, m, n, u, andf have the same definitions a
above; vF is the Fermi velocity, which is assumed to b
constant over the entire Q1D FS; andBres represents the
applied field strength at which a POR will be observed fo
particular pair of indicesm andn. Equation~2! may be fur-
ther simplified as follows:

n

Bres
5

evF

h
nb* cosfUsin~u2umn!

cos~umn!
U, n>0. ~4!

In contrast to the dc case, one can now observe allumn
resonances by sweeping the magnetic field or frequency
the sample orientation fixed; our experimental setup perm
the former~see the following section!. One can also carry ou
angle rotations at fixedn/B. However, unlike the dc case
where the AMRO minima are determined solely by Eq.~3!
@or Eq. ~1!#, the finite-frequency resonances are found fro
the combined solutions to Eqs.~3! and ~4!. For a particular
n/B, each dc AMRO minimum splits into two finite
frequency branches, having opposite circular polarizati
about thex axis: these result from the positive and negat
values of sin(u2umn) in Eq. ~4!; thus, one branch moves t
higher angles with increasingn/B, the other to lower angles
3-3
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Each branch persists up to a maximumn/B, at which (u
2umn)5690°. The form of the angle dependence of t
Q1D POR may be seen in Fig. 4 of Refs. 11,12, and in
Results of this paper~Fig. 5 below!.

In a field swept experiment, several resonances are
served, corresponding to different Fourier components
harmonics of the warping. Unlike the harmonics observed
conventional CR experiments on Q2D and 3D systems w
nonparabolic dispersion,8,11 the Q1D POR harmonics are, i
general, not commensurate; i.e., they are not evenly sp
in n/B, as has been noted in previous experiments on Q
organic conductors.30 At the dc AMRO minimum angles
however, the harmonics do become commensurate.

There are a number of fitting parameters in Eqs.~2!–~4!;
in principle,u andf should be known, though they may als
be determined from measurement~see below!, and through
comparison with dc AMRO data;b* is known from x-ray
data;1 umn and, hence,l and l 8 may be determined eithe
from u sweeps at differentf and v/B, or field sweeps at
different u andf. The final fitting parametervF is more or
less insensitive to the other fit parameters. Therefore, Q
POR offers one of the most direct and accurate mean
measuring the Fermi velocity in Q1D systems. We note t
McKenzie and Moses have proposed an alternative theor
describe Q1D POR in low-dimensional organic conductor16

though the resonance condition@Eqs. ~2!–~4!# turns
out to be the same. However, as we will show below, t
theory appears to be inappropriate for the case
a-(ET)2KHg(SCN)4.

As described above, resonances are expected for the
ductivity components parallel to the Q1D FS. More detai
considerations show that, for the case of layered organic c
ductors, it is preferential to measure the interlay
conductivity—both for the dc case14 and for the POR
measurements.8,10 Under such conditions, only resonanc
with n51 are detected, and their amplitudes are proportio
to the squares of the Fourier amplitudes (tm1

2 ) of the FS
warping components.11 The resonance line shape has
Lorenzian form when observed through conductivity me
surements; and the resonance linewidth is given byt21,
wheret is the relaxation time.

III. EXPERIMENT

The high degree of sensitivity required for single crys
measurements is achieved using a resonant-cavity pertu
tion technique in combination with a broadband millimete
wave vector network analyzer~MVNA !31 exhibiting an ex-
ceptionally good signal-to-noise ratio.9 The MVNA is a
phase-sensitive, fully sweepable~8–350 GHz! superhetero-
dyne source/detection system. For the purposes of these
surements, a waveguide probe, optimized to work in
40–;120 GHz range, was used to couple radiation to a
from a cylindrical resonator that we operate in transmiss
mode; the essential details of this instrumentation are
scribed in detail in Ref. 9. In order to enable rotation of t
sample relative to the applied magnetic field, we utilize
split-pair magnet with a 7 T horizontal field and a vertic
access. Smooth rotation of the entire rigid microwave pro
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relative to the fixed field, is achieved via a room-temperat
stepper motor mounted at the neck of the magnet Dewar;
stepper motor offers 0.1° angle resolution. The source
the detector~harmonic generator and mixer! are bolted rig-
idly to the microwave probe; subsequent connection to
from the MVNA is achieved via flexible coaxial cables.9 In
this mode of operation, one can maintain optimal coupl
between the spectrometer and the cavity containing
sample,whilst rotating the probe. As discussed in great det
in Ref. 9, good coupling between the various microwa
elements is essential in order to maintain a high sensiti
and a low noise level. These factors are the main reason
the vastly improved quality of the POR data presented in
following section, relative to similar previou
investigations.12 Rotation of the entire rigid sample prob
also ensures that the sample is in a reproducible electrom
netic field environment for all measurements made on a p
ticular mode of the cavity.

The sample, which was grown by standard technique1

has a platelet shape~dimensions;0.830.830.17 mm3),
and was suspended at the center of the cylindrical cavity
means of a quartz pillar. The axis of the cylindrical cav
was aligned with the rotation axis, while the sampleb* axis
was oriented perpendicular to this axis, i.e., parallel to
plane of rotation, thereby ensuring fixedf rotations. Theu
5690° orientations may be determined from fixed fie
angle sweeps.f rotations were carried out by hand, at roo
temperature, and recorded using a digital camera attache
a microscope; calibration off was achieved through subse
quent data analysis. The base frequency of the cavity u
for these measurements wasn553.9 GHz, corresponding to
the TE011 cylindrical mode with aQ factor of about 104.
Higher frequency measurements were also performed
higher-order modes of the same cavity without the need
warm up the probe. The use of a cavity enables position
of a single crystal sample into a well-defined electromagn
field environment, i.e., the orientations of the dc and ac e
tromagnetic fields relative to the sample’s crystallograp
axes are precisely known. In this way, one can systematic
probe any diagonal component of the conductivity tenso10

In this particular investigation, measurements were restric
to modes that probe only the interlayer electrodynamics;
precise details as to how we achieve this are descri
elsewhere.9,10 Consequently, the measured absorpti
is directly proportional to the interlayer conductivit
ŝb* (v,B,T).

All the measurements were carried out at a temperatur
about 2.2 K. The temperature was stabilized using a quan
design PPMS variable flow cryostat. Data were obtained
both field sweeps at constant angle and angle sweeps at
stant field. The data presented in the following section
limited to rotation in two planes corresponding tof528°
andf566°.

IV. RESULTS

Figure 3 shows the typical microwave absorption curv
for field swept measurements at different fixed sample ori
tations ranging fromu5220° to15° in 5° steps~the traces
have been offset for clarity!; f528° in each case, and th
3-4
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DETERMINATION OF THE FERMI VELOCITY BY . . . PHYSICAL REVIEW B66, 134513 ~2002!
data were all obtained atn553.9 GHz~TE011 mode!. The
most obvious aspect of the data are the peaks in absorp
corresponding to peaks in the interlayer conductivity. As
shall now detail, these peaks correspond to POR’s. The
point to note is that there is no simple harmonic relations
between the peak positions (Bres) within a given trace, i.e.,
the peaks are incommensurate. Each peak may clearl
associated with a particular POR branch; in other wor
there is a smooth shift in the positions of the peaks belong
to each branch, as indicated by the dashed lines. Most
table is the dominant peak in theu55° data, which splits
into two distinct branches upon rotation. One branch mo
rapidly to higher fields, while the other branch moves
lower fields with a weaker angle dependence. This an
dependence is completely incompatible with a Q2D C
theory, as has been noted previously by several authors12,30

As we shall show below, all of the resonance peaks colla
onto a single set ofn/Bres versusu curves generated using
Q1D POR theory for a single Q1D FS. As discussed in
preceding section, each particular POR branch correspo
to a specific Fourier component of the warping of the Q
FS, and the resonances in Fig. 3 have been labeled ac
ingly. The amplitudes of the peaks are only weakly an
dependent; we discuss the relative intensities of the pe
further below. The quality of the data in Fig. 3 is unpre
edented for a measurement in this frequency range; ind
this data is of comparable quality to the best dc meas
ments.

Figure 4 shows microwave absorption for fixedn/B u
sweeps, at an azimuthal anglef528°. These data were
again obtained using the TE011 mode of the cavity, wh
varyingn/B by means of the applied field strength~indicated
in the figure!. Once again, several clear absorption peaks
observed corresponding to distinct POR’s. In fact, each tr
is highly reminiscent of dc AMRO data,14,15,25–27albeit in-
verted, i.e., conductivity peaks are seen in POR meas

FIG. 3. Microwave absorption curves for field swept measu
ments at different fixed sample orientations~indicated in the figure!;
the temperature is 2.2 K, the frequency is 53.9 GHz, and the tr
have been offset for clarity. The POR have been labeled with
appropriate value of the indexm.
13451
on
e
st
p

be
s,
g
o-

s

le

se

e
ds

rd-
e
ks

d,
e-

e

re
e

e-

ments, whereas resistivity minima are observed in AMR
experiments. However, closer inspection indicates that
POR peak positions clearly depend on the field strength
marked contrast to the dc AMRO case. Once again, e
peak belongs to a POR branch corresponding to a partic
Fourier component of the FS warping, and several of
branches have been labeled accordingly in Fig. 4. The n
level is slightly higher in Fig. 4, when compared to Fig.
This is attributable to unavoidable mechanical vibrations
sociated with the rotation of the probe. Thus, the field-sw
measurements are intrinsically cleaner. However, the sig
to-noise ratio is still exceptionally good, even in the ang
swept mode. It is also somewhat easier to observe hig
order~higherumu) POR in this mode of operation, by swee
ing through angles close tou5690° at the maximum field
of ;7 T. At lower fields, the condition 2pñt5ṽt;1 is not
met for many of the higherm modes, as evidenced by th
disappearance of the closely spaced peaks aroundu590° in
the lower field data in Fig. 4.

In Fig. 5, we compile all of thef528° field swept data

-

es
e

FIG. 4. Microwave absorption for fixedn/B u sweeps~offset
for clarity! at an azimuthal anglef528°. n/B was varied by means
of the applied field strength~indicated in the figure!; the measure-
ment frequency was 53.9 GHz and the temperature was 2.2 K.
POR’s have been labeled with the appropriate value of the indem.

FIG. 5. A compilation of the angle dependence of all of thef
528° field swept data, where the data points represent the p
positionsBres , obtained from plots similar to Fig. 3; measuremen
at two frequencies are included in the figure. Several of the P
branches have been labeled with the appropriate value of
index m.
3-5
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into a single plot ofn/Bres versusu, where the data points
represent the peak positionsBres , obtained from data simila
to those in Fig. 3. Figure 5 includes measurements perfor
at two separate frequencies:n553.9 GHz~open circles! and
n589.2 GHz~solid triangles!. The data collapse onto a s
of sin(u2umn) arches according to Eqs.~2! and~4!. All of the
resonances may be labeled using a single indexm, as is also
the case for dc AMRO measurements.15,25–27 The dotted
lines are fits according the Eqs.~3! and ~4!; the exceptional
quality of the fits may be attributed to the high quality of t
measurements. Qualitative comparisons of the intensitie
the peaks reveal that they scale approximately with cosumn,
i.e., the resonances with zero-field intercepts closest tu
50° (m50 and 1, Fig. 5! have the strongest intensities.

In order to compare data obtained for different rotati
planes~different f), we expand the sin(u2umn) term in Eq.
~4!, giving

n

Bres cosu
5

evF

h
b* cosfutanumn2tanuu, ~5!

where we have setn51. Thus, plots ofn/(Bres cosu) versus
tanu cosf should produce straight lines of slop
6eb* vF /h, with offsets given byumn . Such a plot is shown
in Fig. 6, for all of the data obtained from these investig
tions, i.e., both field and angle sweeps, and for two rotat
planes (f528° andf566°). We see that the data collap
very nicely onto the theory over most of the angle ran
Deviations from the theory may be mainly attributed to sm
errors associated with the calibration of the true angleu; the
nature of the theory amplifies these errors for angles clos
u590°, i.e., data close to the edges of Fig. 6.

From the fits in Figs. 5 and 6, we can extract a Fer
velocity for the Q1D Fermi surface of aboutvF56.5
3104 m/s. In principle, the same value could be estima
from the data in Ref. 12. This value for the Fermi velocity
very close to the value obtained from fits to optical cond
tivity data using a Drude model.32 It should be stressed, how
ever, that our measurements give the most straightforw
determination of the Fermi velocity; the only assumption t
is made is that the POR’s are due to the semiclassical mo

FIG. 6. A compilation of all of the data obtained in this inve
tigation, scaled according to Eq.~5!. Several of the POR branche
have been labeled with the appropriate value of the indexm.
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of quasiparticles on a Q1D FS—no assumptions about
details of the band structure are required. Nevertheless,
represents an average value, i.e., we have assumed a co
Fermi velocity over the entire FS. We shall comment on
validity of this assumption in the following section.

The ratiosl /b* and l 8/b* obtained from our data are 1.
and 0.5, respectively. These values are in excellent ag
ment with those obtained from dc AMRO:25–27 l 8/b* '0.5,
l /b* 51.25–1.35. Using the theoretical prediction for th
line shape,14,11 we can estimate the relaxation timet51.5
310211 s, which is approximately the same for all peak
This value is rather high in comparison to the typicalt val-
ues derived from a Dingle analysis of SdH and dHvA osc
lations. However, similar discrepancies have been noted
the past from the POR data obtained for other Q2D orga
conductors.8 The differences may be attributed to sample
homogeneities, which give rise to additional damping
SdH/dHvA oscillations. This damping is incorporated in
the theory of the SdH and dHvA effects as an effective sc
tering time.33 Consequently, Dingle analysis likely undere
timatest significantly.

V. DISCUSSION

Comparisons between our data and those obtained by
davanet al.,12 reveal considerable advantages to our te
nique. The rotating cavity design utilized by Ardavanet al.
offers the main benefit that it may be used in axial high-fie
magnets providing fields of up to 45 T at the National Hi
Magnetic Field Laboratory~NHMFL! in Florida.34 However,
the split-pair configuration offers many other important a
vantages that outweigh the high-field capability. In particu
the use of a rigidly coupled probe results in a marked i
provement in sensitivity (Q factors of up to 25 000!, and a
significant reduction in noise.9 Furthermore, data acquisitio
is possible whilst simultaneously rotating the field. Go
plating of the waveguides at the high-field end of the pro
also eliminates spurious magnetic resonances associated
contaminants;9 these are dramatically apparent in the data
Ref. 12, thereby obscuring important details of the PO
measurements. All of these factors add up to a marked
provement in the quality of the results presented here
comparison to previously published measurements
a-(ET)2KHg(SCN)4. This has enabled us to carry out th
most detailed magneto-optical investigation of the comp
low-temperature phase of this material to date.

The observation of a strong harmonic content to the P
implies that the FS is strongly corrugated, thereby sugges
comparable transfer integrals between neighboring and m
distant molecules. This conclusion contradicts the fact t
the band structure is well described by a tight-binding a
proximation. However, as pointed out in the Introduction, t
low-temperature Q1D FS ina-(ET)2KHg(SCN)4 results
from a reconstruction of the high-temperature FS obtain
from tight-binding calculations.20,21 The reconstruction is
caused by the fairly weak superstructure associated wi
low-temperature CDW transition, i.e., the Q1D FS is ess
tially pieced together from sections of the original hig
temperature Q2D closed FS. Thus, the transfer integrals
3-6
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one could deduce from the POR data do not characterize
tight-binding nature of the FS. Rather, they characterize
CDW nesting vector and the original Q2D FS. Indeed,
Fermi velocity obtained from these measurements co
sponds precisely to the Q2D Fermi velocity in the hig
temperature state. Based on this fact, one can estimate
effective mass corresponding to the high-temperature Q
pocket~see Fig. 1!. However, as already mentioned, this r
quires making certain assumptions about the band struc
Using a parabolic approximation for the dispersion, the
fective mass is given bym* 5\kF /vF , where\kF is the
Fermi momentum. Assuming the Q2D pocket to be cylind
cal, with a cross-sectional areapkF

2 equal to 16% of the
Brillouin zone, we obtain a value ofm* ;2.4me , whereme
is the free-electron mass.1,2 Alternatively, using a tight-
binding approximation for the band dispersion,E(k)
52t cos(ka), the effective mass is given bym*
'\ sin(kFa)/avF , where a is the lattice constant; such a
estimate gives a value ofm* ;1.6me . Both of these values
are in reasonable agreement with published values.1,2

We mentioned above that the POR peak amplitudes
about the same for resonances having the sameucosumnu.
This implies that the POR peak amplitudes are closely
lated to the FS corrugation wave vectorsQ;b* /ucosumnu.
Comparisons between them50,1 POR peaks, with them
52,21 peaks, reveals a difference in amplitude by a roug
factor of 6, while the difference inucosumnu is about 2 for
these resonances. As pointed out in Sec. II, the POR am
tudes should scale as the squared Fourier amplitudes as
ated with the FS corrugation. We note that, for the m
extreme form of warping~a square wave!, the POR ampli-
tudes would scale as 1/Q2. Consequently, the 1/6 differenc
in amplitude between POR’s corresponding to FS warp
components differing inQ by a factor of 2, indicates that th
corrugation is close to this extreme limit. Thus, it is possi
that a reconstruction along the lines discussed in Ref.
offers the most realistic description for the low-temperat
FS ina-(ET)2KHg(SCN)4. Due to the strong corrugation,
is quite likely that our assumption of a constant Fermi vel
ity over the Q1D FS breaks down to some extent. Furth
more, the theory for the POR developed in Sec. II is o
approximate when the FS warping is strong. However,
viations from this theory are only likely to be significa
when the magnetic field is tilted appreciably out of the pla
of the Q1D FS~see Ref. 15!, which may offer an alternative
explanation for the deviations between theory and exp
ment at the edges of Fig. 6.

McKenzie and Moses have published an alternat
theory for POR.16 However, this theory predicts strong s
called ‘‘Danner oscillations’’~see Refs. 17,35! for field rota-
tions close tou590° in thef590° plane, i.e., the rotation
plane perpendicular to the Q1D FS; these oscillations h
never been observed ina-(ET)2KHg(SCN)4. This theory
also predicts a strong angle dependence of the POR am
tudes for all but them50 harmonic, which also contradict
our results. However, McKenzie and Moses raised the
portant question as to whether interlayer transport should
coherent in order to observe POR and AMRO.17 This ques-
tion has since been readdressed by numerous authors~see,
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e.g., Ref. 36!. We believe that coherent interlayer transport
not a necessary condition. Within the tight-binding appro
mation, there should be no difference whether one consid
‘‘hopping’’ between layers, or coherent motion; in both
the cases, only the orbital overlaps between nearest-neig
molecules is important.

If one assumes that the interlayer transport is ‘‘wea
incoherent’’~according to the definition of McKenzie17!, then
energy and in-plane momentum should be conserved for
terlayer hopping. For the sake of simplicity, we consider t
situation for the case of a magnetic field rotated in thez-y
plane, i.e., parallel to the Q1D FS. In the presence of both
dc magnetic field and an electromagnetic field, the conse
tion equations are

Ef2Ei5hn5\vF~kx
f 2kx

i !sgn~kx! ~6!

and

\ki
i 1eAi

i 5\ki
f1eAi

f , ~7!

whereE is the quasiparticle energy,\ki is the quasiparticle
momentum parallel to the layers,Ai is the component of the
magnetic vector potential parallel to the layers at the site
the hopping, and the superscriptsi and f denote the initial
and final energy, momentum, etc. Because the magnetic
only hasBz andBy components, one may choose a gauge
which Ax is the only nonzero component of the vector p
tential, i.e.,Ax5Byz2Bzy. The change in the vector poten
tial for interlayer hopping is thenAx

f 2Ax
i 5Byb* 2Bz(ml

1 l 8), leading to

n5vF

e

h
uAx

f 2Ax
i u5

evFB

h
ub* sinu2~ml1 l 8!cosuu,

~8!

which is equivalent to the Eq.~5!. Consequently, the only
way to check whether the interlayer transport is coheren
to compare the interlayer hopping rateth(5\/t'), with the
relaxation timet obtained from the POR linewidths. An es
timation of the interlayer transfer integral from the know
conductivity anisotropy givest';1 meV, leading tot/th
; 20, indicating that the interlayer transport is coherent. T
factor of 10 or so difference between the scattering tim
deduced from magneto-optical studies, and from SdH
dHvA measurements, raises some important issues. We
lieve that the scattering times deduced from SdH and dH
measurements can be misleading, since they do not nece
ily reflect the true short-range inelastic scattering time.
discussed above, this may be caused by the effects of sa
inhomogeneities on the SdH/dHvA oscillation amplitude
which are indistinguishable from the effects of real scatter
processes.33

VI. SUMMARY AND CONCLUSIONS

We have presented detailed angle-depend
POR measurements for the organic CDW conduc
a-(ET)2KHg(SCN)4. In particular, we demonstrate the hug
potential of angle swept POR measurements. The qualit
our data is unprecedented for measurements in this h
3-7
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frequency range; indeed, it is of comparable quality to
best dc measurements. Extensive angle-dependent mea
ments confirm that the POR’s are associated with the l
temperature Q1D FS; indeed, all of the resonance peaks
lapse onto a single set ofn/B versus angle curves, generat
using a semiclassical magnetotransport theory for a si
Q1D FS. Quantitative analysis of the POR harmonic con
indicates that the Q1D FS is strongly corrugated, a fact
is consistent with the assumption that the low-tempera
FS derives from a reconstruction of the high-temperat
quasi-two-dimensional FS. Extrapolations of our data to z
frequency reveal good agreement with published dc AM
measurements.

We argue that Q1D POR measurements provide on
e

a

i

o

.
n
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the most direct methods for determining the Fermi veloc
in Q1D systems—our analysis yields an average value
vF56.53104 m/s. Furthermore, we show that POR is po
sible both for coherent and incoherent interlayer transp
However, based on the Mott-Ioffe criterion, the interlay
transport appears to be coherent in this compound,
t/th;20.
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